Children with Down syndrome (DS) bear an increased risk of acute lymphoblastic leukemia (ALL) and treatment complications. We compared blood counts and toxicities in 22 DS and 44 non-DS ALL patients. Patients with DS had deeper, longer neutrophil and monocyte count nadirs; more toxicities (HR 2.0, p = 0.0005); longer hospitalizations (HR 1.4, p < 0.0001); and more frequent microbiologically documented infections (HR 5.7, p = 0.0019), mucositis (HR 29.0, p = 0.0006), and cellulitis (HR 3.0, p= 0.033). Severe neutropenia, monocytopenia and increased cellulitis in DS-ALL suggest the importance of skin hygiene, vigilance and aggressive treatment of cutaneous infections.
Introduction
Children with Down syndrome (DS) have a 20-fold increased risk of acute lymphoblastic leukemia (ALL) [1] . Their inferior outcomes may be partially attributable to infrequent favorable cytogenetic features [2] . However, treatment-related toxicities, particularly infections, are more frequent and severe, and remain a formidable challenge [2] . The Children's Oncology Group (COG) and British Medical Research Council recently modified protocols due to excessive deaths in patients with DS-ALL, primarily overwhelming sepsis during myelosuppression [3, 4] . The degree and pattern of myelosuppression in DS-ALL has not been characterized, and may contribute to increased infections. Here we compare peripheral blood counts and toxicities in patients with DS-versus NDS-ALL during the first six months of therapy.
Methods
All DS-ALL and control NDS-ALL cases at Texas Children's Cancer Center from 1998-2007 were retrospectively reviewed, with local institutional review board approval. Controls were matched 2:1 (NDS:DS) by treatment protocol. Data abstracted from medical records included: clinical/demographic features; white blood count (WBC); absolute neutrophil, lymphocyte, and monocyte counts (ANC, ALC, AMC); peripheral blast counts weekly ×8 and then monthly ×4; and grade 3-4 toxicities [5] . Data were censored at relapse, death, admission for stem cell transplantation, or date of last contact.
ANC, ALC, and AMC were compared over time between the two groups with fixed effects including group, time, and group*time using a generalized linear mixed model with natural log-transformed variables. To compare hospitalizations and toxicities, natural logtransformed counts per 1,000 patient follow-up days were used, assuming a Poisson distribution. Time to first toxicity event was analyzed using the Cox proportional hazard model. To evaluate the correlation between blood counts and toxicities, a Cox regression model was employed to analyze how time to the first toxicity event related to each CBC variable, using the last CBC value recorded prior to occurrence of the toxicity event. Analyses were conducted using SAS software (version 9.2; SAS Institute Inc., Cary, North Carolina).
Results
Characteristics of the 22 DS-ALL cases and 44 NDS-ALL controls are summarized in Table  I . Patients received treatment on 14 protocols, with 77% (17/22) treated on either Pediatric Oncology Group (POG) protocol 9905 or COG protocol AALL0331. POG protocols 9905 and 9906 included six courses of intermediate-dose methotrexate, modified for DS patients to initially receive a 50% dose reduction, with subsequent courses at full dose if tolerated without grade 3-4 mucositis or delayed excretion. DS-specific modifications on AALL0331 included leucovorin rescue following intrathecal methotrexate prior to maintenance, omission of a second interim maintenance and delayed intensification for "standard riskhigh" patients, and conservative management recommendations for myelosuppression, illness, and fever. None of the patients with DS included in this study received antifungal or antibacterial prophylaxis, and only a single patient received routine gammaglobulin replacement.
As expected, all patients demonstrated an induction nadir in blood counts, with lower mean ANC and AMC in DS-ALL at induction day 15, 22, and 29 ( Figures 1A and 1B) , reaching statistical significance for ANC at day 15 and 22 (p = 0.02 and 0.0001, respectively) and for AMC at day 29 (p = 0.005). There were no significant differences in ALC, blast clearance, or post-induction ANC or AMC.
Patients with DS-ALL were hospitalized significantly longer (mean 34.1 versus 24.9 days; hazard ratio (HR) 1.4; 95% confidence interval (CI) 1.3, 1.6; p < 0.0001). They also experienced significantly more grade 3-4 toxicities (mean 2.5 versus 1.4 per patient; HR 2.0; 95% CI 1.4, 3.0, p = 0.0005) [5] . Notably, only one of 22 patients with DS-ALL (4.5%) experienced no grade 3-4 toxicities, compared to 15 of 44 NDS-ALL (34.1%) (Fisher's exact p = 0.013).
A detailed analysis of grade 3-4 infectious complications and mucositis was performed since they cause significant morbidity and mortality in children with DS-ALL. Infectious complications were categorized as microbiologically documented infections, clinically documented infections, or fever of unknown origin. Upon initial qualitative review of the data, a notable prevalence of cellulitis was observed, with 10 episodes among the 22 cases of DS-ALL. Therefore, cellulitis, including events documented either microbiologically or clinically, was also analyzed as a separate category. Patients with DS-ALL were significantly more likely to experience at least one episode of mucositis (HR 29.0, p = 0.0006), microbiologically documented infections (HR 5.7, p = 0.0019), and cellulitis (HR 3.0, p = 0.033) ( Figure 1C ). There were no statistically significant differences in clinically documented infections (HR 2.28, p = 0.16) or fever of unknown origin (HR 1.16, p = 0.65). Clinical descriptions of toxicities are provided in Supplementary Table I. Last, we investigated whether toxicities tended to be correlated with periods of low leukocyte counts. Overall toxicity events were significantly correlated with low AMC (HR 0.65 for each 2.7-fold increase in AMC, p = 0.014). Mucositis showed a trend toward correlation with low ANC (HR 0.41, p = 0.088).
Discussion
This study confirms the frequency and severity of treatment-related toxicities in DS-ALL, and provides new information on patterns of myelosuppression during chemotherapy, expanding beyond the existing literature on hematologic abnormalities in healthy children with DS [6] [7] [8] [9] [10] . The lower and more prolonged induction nadirs of both ANC and AMC likely contribute to the heightened risk of bacterial and fungal infections for patients with DS. Interestingly, ALC does not appear disproportionately affected. Recent literature suggests that early ALC recovery is associated with favorable prognosis in ALL [11] . The comparable ALC recovery during induction in DS-ALL is consistent with their comparable overall survival despite increased toxicities. Increased sensitivity to methotrexate and cytarabine in patients with DS has long been recognized [12, 13] and the mechanisms characterized [14] . However, these agents are absent in phases when patients with DS-ALL are at highest risk of toxicities. Our previous work demonstrated no significant increase in cytotoxicity of ALL chemotherapeutic agents in DS cell lines [15] . The current findings suggest that enhanced vulnerability to toxicities may be due to a general susceptibility to myelosuppression rather than differences in pharmacokinetics and pharmacodynamics of specific agents.
Our findings agree with others' in demonstrating increased infections, mucositis, and hospitalization days in patients with DS-ALL [2, 16, 17] . While increased hospitalization days could be due partly to more conservative discharge criteria, the concomitant increase in toxicities suggests that increased treatment morbidity is a key factor. An increased risk of cellulitis has been reported previously in patients with DS and AML, but not in ALL [18] . Interestingly, grade 3-4 skin infections in patients with DS and ALL in this study are even more prevalent than reported in AML (40.9% versus 3.7%). Folliculitis has been reported in 21% of healthy subjects with DS [19] , and may predispose to more significant cutaneous infections when chemotherapy suppresses the immune system and disrupts the skin barrier. Routine chlorhexidine cleansing, which has gained attention as a means of reducing inpatient bacterial skin colonization and infections [20] , might be a beneficial preventive measure in patients with DS-ALL. The power of the current study is limited by the small sample size. Further studies are needed for validation in a larger population and for understanding effects of ALL therapy on other measures of immune function in DS. However, in light of the finding of an increased risk of cellulitis in DS-ALL, particular care for oral and skin hygiene, and vigilance for cutaneous infections, may be warranted in patients with DS.
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